In sexually reproducing multicellular organisms, genetic information is propagated via the germline, the specialized tissue that generates haploid gametes. The C. elegans germline generates gametes in an assembly line-like processmitotic divisions under the control of the stem cell niche produce nuclei that, upon leaving the niche, enter into meiosis and progress through meiotic prophase [1] . Here, we characterize the effects of perturbing cell division in the mitotic region of the C. elegans germline. We show that mitotic errors result in a spindle checkpoint-dependent cell-cycle delay, but defective nuclei are eventually formed and enter meiosis. These defective nuclei are eliminated by programmed cell death during meiotic prophase. The cell death-based removal of defective nuclei does not require the spindle checkpoint but instead depends on the DNA damage checkpoint. Removal of nuclei resulting from errors in mitosis also requires Spo11, the enzyme that creates double-strand breaks to initiate meiotic recombination. Consistent with this, double-strand breaks are increased in number and persist longer in germlines with mitotic defects. These findings reveal that the process of initiating meiotic recombination inherently selects against nuclei with abnormal chromosomal content generated by mitotic errors, thereby ensuring the genomic integrity of gametes.
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Results

Nuclei Resulting from Mitotic Errors Are Eliminated by Cell Death in Meiotic Prophase
In the C. elegans germline, the cell death pathway targets nuclei near the turn of each gonad arm when nuclei are in the late pachytene stage of meiotic prophase [2] ( Figure 1A ). While a significant proportion of meiotic nuclei undergo cell death in unperturbed adult germlines [2] , nuclei harboring DNA damage or meiotic errors are preferentially eliminated [3] [4] [5] [6] . To determine whether the germline cell death pathway targets nuclei that have undergone mitotic errors prior to entry into meiosis, we inhibited key proteins required for chromosome segregation and monitored cell death by visualizing the cell corpse engulfment marker CED-1::GFP [7] ( Figure 1A ). Soaking-based RNAi was used to deplete the mRNA for six proteins required for three different aspects of mitosis: kinetochore formation (KNL-1 and CENP-C HCP-4 ; [8] ), mitotic microtubule assembly (HCP-1/2 and ZYG-9; [9, 10] ), and centrosome duplication (ZYG-1 and SAS-6; [11, 12] ). None of these proteins have previously been reported to function during meiotic prophase. The experimental protocol ( Figure 1B ) provides sufficient recovery time after soaking in dsRNA to allow nuclei to migrate from the mitotic zone to the region of cell death [13, 14] . Compared to controls, a significant increase in germline cell death was observed following individual inhibition of each component ( Figure 1B) .
To investigate the relationship between mitotic errors and cell death, we first sought to develop a consistent means for perturbing germline mitoses without directly affecting subsequent meiotic events. Inhibition of centrosome duplication is ideally suited for this purpose; centrosomes are critical for mitosis but are inactivated upon meiotic entry and degraded as nuclei progress through the germline [15] . To disrupt centrosome duplication, we capitalized on a temperature-sensitive mutation in the kinase ZYG-1 (zyg-1(b1), referred to here as zyg-1 ts ; [11] ). When shifted to the restrictive temperature for 24-48 hr, zyg-1 ts worms displayed a robust increase in germline cell death compared to controls ( Figure 1C ; see also Figure S1A available online). To validate that the observed CED-1::GFP circles represented programmed cell death, we analyzed zyg-1 ts ;ced-3(n717) double mutants; CED-3/caspase is required for all programmed cell death. In the double mutant, the number of CED-1::GFP circles was reduced to nearly zero ( Figure 1C ). We additionally performed shorter interval/ transient upshifts to confirm that the increase in cell death seen upon ZYG-1 inactivation is a consequence of errors in mitosis (Figures S1A and S1B). Thus, conditional inhibition of centrosome duplication is a convenient and reproducible means to induce mitotic errors that result in a robust elevation of programmed cell death in meiotic prophase.
Nuclei Resulting from Errors in Mitosis Progress into Meiosis after a Delay
To assess the mitotic errors generated by the perturbations described above, we immunostained extruded gonads to visualize chromosomes, microtubules, and centrosomes. In zyg-1 ts worms, defective mitotic figures were observed in the mitotic zone, the most notable of which were monopolar spindles ( Figure 1D) ; less frequently observed (w20%) defects included abnormalities in spindle structure and unaligned or lagging chromosomes. Defective mitotic figures were also observed following RNAi-mediated inhibition of kinetochore assembly or mitotic microtubule formation ( Figure S1C ), and micronuclei, defined as small, round DAPI-stained dots, were evident in zyg-1 ts germlines ( Figure S1E ). To determine whether the observed defects perturbed cellcycle progression, we measured the mitotic index by labeling mitosis-associated phosphorylation of histone H3 (phospho-H3S10). Compared to controls, both zyg-1 ts upshift and the other mitotic perturbations led to a significant increase in the number of phospho-H3S10-positive nuclei in the germline ( Figure 1E ; Figure S1D ). In zyg-1 ts worms, the number of phospho-H3S10-positive nuclei did not further increase between 24 and 48 hr after ZYG-1 inactivation, suggesting that induction of mitotic errors leads to a 2.5-to 3-fold increase in the duration of mitosis rather than a permanent mitotic arrest. Consistent with this, the number of nuclear rows prior to the transition zone (defined by DNA morphology or phosphorylation of SUN-1 [16] as a marker for meiotic entry) in zyg-1 ts worms (legend continued on next page) was similar to controls ( Figure 1F ; Figure S2A ); however, phospho-H3-positive nuclei were observed closer to the transition zone ( Figure 1F ). Additionally, the size of the transition zone was not altered in zyg-1 ts worms ( Figure S2B ). We also labeled zyg-1 ts mutant gonads for HTP-3, a synaptonemal complex protein whose recruitment requires the premeiotic S phaseassociated loading of cohesin [17] . In zyg-1 ts worms, HTP-3 localization was identical to that seen in controls; HTP-3 was also observed on morphologically aberrant nuclei ( Figure S2C , arrow). Injection of fluorescent nucleotides to pulse-label S phase nuclei confirmed that ZYG-1 inhibition did not grossly perturb transit of nuclei through the germline (Figures S2D-S2F ). Collectively, these observations suggest that mitotic errors prolong M phase, but nuclei with incorrect chromosomal complements are eventually formed and enter the meiotic program.
The Spindle Checkpoint Is Required for the Cell-Cycle Delay but Is Dispensable for Mitotic Defect-Induced Cell Death We next tested whether activation of the spindle checkpoint underlies the observed cell-cycle delay and marks defective nuclei for elimination (Figure 2A ). For this purpose, we inhibited the spindle checkpoint components Mad1 MDF-1 , Mad2 MDF-2 , and Mad3 . Inhibition of the spindle checkpoint eliminated the zyg-1 ts -induced mitotic delay ( Figure 2B ) but had no effect on the elevation in cell death ( Figure 2C ). In control worms with no induced mitotic defects, inhibition of the spindle checkpoint did not significantly affect either the number of phospho-H3S10-positive nuclei or the number of nuclei undergoing cell death ( Figures 2B and 2C) . Thus, the spindle checkpoint is responsible for the mitotic delay triggered by division defects but is not required for the subsequent elimination of defective nuclei by programmed cell death.
The DNA Damage Checkpoint Is Required for the Increase in Cell Death Observed following Defective Mitoses in the Germline
We next focused on the DNA damage checkpoint, which has been well studied in the C. elegans germline ( Figure 3A ; [18] ). We first tested p53 , the DNA damage responder directly upstream of the canonical cell death pathway. A null mutant of p53 CEP-1 , cep-1(gk138), is viable but fails to elevate cell death following induction of DNA damage [19] . A comparison of zyg-1 ts ;cep-1(gk138) double mutants to zyg-1 ts mutants alone at the restrictive temperature revealed that loss of p53 CEP-1 suppressed the elevation in cell death ( Figure 3B ). Loss of p53 CEP-1 also suppressed the elevated cell death observed following inhibition of the kinetochore proteins KNL-1 and CENP-C HCP-4 ( Figure 3C ). Similar to loss of p53 CEP-1 , loss of HUS-1, which functions upstream of p53 CEP-1 [20] , also suppressed the cell death induced by ZYG-1 inhibition ( Figure 3B ). The zyg-1 ts ;cep-1(gk138) and the zyg-1 ts ;hus-1(op241) double mutants showed a mild reduction in the number of phospho-H3S10-positive nuclei ( Figure 3D ). However, this reduction cannot underlie the suppression of cell death, as inhibition of the spindle assembly checkpoint had no effect on cell death despite restoring the number of phospho-H3S10-positive nuclei to control levels ( Figures 2B and 2C) .
Mitotic errors likely generate nuclei with incorrect chromosomal complements and, as pairing and the initial licensing step in synaptonemal complex formation are dependent on homology [21] , could lead to pairing/synapsis defects. To assess whether unpaired/unsynapsed chromosomes were present in pachytene-stage nuclei following ZYG-1 inhibition and contributed to the increased cell death, we immunostained for HTP-3 and SYP-1, which colocalize between paired, synapsed chromosomes [22] . This analysis revealed that the majority of the chromosomes were synapsed in zyg-1 ts worms; however, in a small percentage (w15%) of pachytene nuclei, a single unsynapsed chromosome was observed ( Figure S3A ; we additionally performed FISH for chromosome V; Figure S3B ). To determine the extent to which unsynapsed chromosomes contributed to the observed cell death, we inhibited the synapsis checkpoint protein PCH-2, which is required for elevated cell death in the presence of an unsynapsed pairing center that is associated with its cognate zinc finger protein [6] . Consistent with the low frequency of asynapsis, the increased cell death observed in zyg-1 ts worms was only mildly reduced by a pch-2(tm1458) null mutant ( Figure S3C) . We suspect that self-synapsis, which is observed in the absence of pairing and results in activation of the DNA damage checkpoint [23] , may underlie the majority of DNA damage-triggered cell death observed following mitotic errors. The above results lead us to conclude that cell division defects in the mitotic zone are primarily detected by the DNA damage checkpoint, which activates programmed cell death to trigger removal of defective nuclei.
Spo11 Is Required for the Persistent Double-Strand Breaks and the Increase in Cell Death Observed following Defective Mitoses
The DNA damage checkpoint typically senses broken DNA ends. We therefore immunostained for RAD-51-the RecAfamily protein that concentrates at the sites of double-strand breaks to promote strand invasion-to test whether nuclei with mitotic errors displayed abnormal numbers of DNA doublestrand breaks. In an unperturbed germline, RAD-51 foci transiently appear in meiotic nuclei undergoing recombination; in the presence of DNA damage or recombination defects, RAD-51 foci increase in both frequency and persistence [24] . ZYG-1 inhibition caused a significant increase in both the number of nuclei with RAD-51 foci as well as the average number of RAD-51 foci per nucleus ( Figures 3E and 3F) . Accumulation of RAD-51 in zyg-1 ts gonads was restricted to meiotic nuclei; however, foci extended well into the late pachytene stage of meiotic prophase, where they were not detectable in controls ( Figure 3F ).
As RAD-51 foci were not observed prior to the transition zone, which marks the start of homologous recombination, we tested whether recombination itself is required for the double-strand breaks and increase in cell death seen in meiotic nuclei resulting from defective mitoses. To this end, we inhibited Spo11, the topoisomerase-related enzyme required to catalyze the formation of double-strand breaks [25] . Analysis of zyg-1 ts ;spo-11(ok79) double mutants revealed a complete suppression of the elevated cell death observed in zyg-1 ts worms ( Figure 4A ). Removal of Spo11 also suppressed the elevated cell death seen following RNAi-mediated inhibition of the kinetochore components KNL-1 and CENP-C HCP-4 (Figure 4B ). Inhibition of Spo11 had no effect on the mitotic delay, as the number of phospho-H3S10-positive nuclei in the zyg-1 ts ;spo-11(ok79) double mutants was similar to that in the zyg-1 ts mutant alone ( Figure S4A) . Finally, the double-strand breaks visualized as RAD-51 foci were markedly decreased in zyg-1 ts ;spo-11(ok79) double mutants compared to the zyg-1 ts mutant alone ( Figure 4C ). Residual breaks were present in a small percentage of nuclei in the zyg-1 ts ;spo-11(ok79) double mutants, likely representing damage created during premeiotic replication of highly aberrant nuclei. However, as cell death was suppressed to near-control levels in the double-mutant worms, we conclude that the Spo11-mediated double-strand breaks that initiate recombination are required for the increase in cell death observed following defects in mitosis.
Cell Death in Response to Errors in Mitosis Prevents the Production of Aneuploid Oocytes
To assess whether the increase in cell death following mitotic errors prevents the generation of aneuploid oocytes, we ts and the double mutant. Scale bars represent 2 mm. (E) Schematic summarizing the role of Spo11-catalyzed breaks in the detection of mitotic errors that occurred in the distal gonad. The individual nucleus cartoons below show a normal nucleus with two pairs of homologous chromosomes (top) and a defective nucleus in which one of the chromosomes is missing due to missegregation (bottom). For simplicity, potential self-synapsis that would result in accumulation of DNA double-strand breaks is suggested but not depicted in the cartoon. See also Figure S4 . measured the number of chromosomes (scored as discernible DAPI-stained bodies) present in oocytes 72 hr post upshift ( Figure 4D ). In both control and zyg-1 ts oocytes, the average number of DAPI-stained bodies was six, which is the expected number of recombined bivalent chromosomes. In contrast, in the zyg-1 ts ;cep-1(gk138) double mutants where mitotic defect-induced cell death was suppressed, the average number of oocyte DAPI-stained bodies was w10, indicating a high degree of aneuploidy. In addition, at a semipermissive temperature (18.5 C), zyg-1 ts ;cep-1(gk138) double mutants exhibited synthetic embryonic lethality ( Figure S4B) . Thus, the increase in cell death observed following mitotic errors serves a protective function in the germline by preventing the production of oocytes with an improper complement of chromosomes unable to support embryonic viability.
Conclusion
Although the mechanisms that protect against errors in meiosis have received much attention [26] , how the germline protects itself against mitotic errors remains relatively uncharacterized. The work presented here shows that in the germline, errors in mitosis activate the spindle checkpoint and delay cell-cycle progression but do not prevent entry into meiosis. Nuclei harboring errors accumulate unrepaired Spo11-dependent meiotic double-strand breaks and are eliminated by DNA damage checkpoint-mediated cell death ( Figure 4E ). As recent work suggests that Spo11-dependent breaks continue to form in the absence of proper pairing [27] , the number of breaks created in nuclei harboring mitotic errors is likely amplified to ensure triggering of the DNA damage response. The excess number of Spo11-mediated double-strand breaks relative to the number of crossovers [28] , proposed to aid in homology assessment, could also aid in marking nuclei with prior mitotic errors.
How mitotic defects are linked to cell death is a topic of great interest, particularly in the context of chromosomal instability and cancer [29] . The idea that an abnormal mitosis triggers DNA damage is a common theme emerging from this work [30] . The data presented here supports this idea by showing that in the context of the germline, the purposeful induction of breaks essential for recombination also functions via the DNA damage response to weed out mitotic errors, thereby preventing the production of aneuploid gametes.
Experimental Procedures
C. elegans Strains All strains were maintained at 16 C. Mutant alleles used were zyg-1(b1), ced-3(n717), cep-1(gk138), hus-1(op241), spo-11(ok79) and pch-2(tm1458). The CED-1::GFP and H2b::mCherry transgene insertions are from strains MD701 and OD95, respectively. For upshift experiments, mid-to-late L4 larval-stage worms were placed at 25 C for the indicated time.
RNA Interference and Live Imaging
Production of dsRNA, soaking RNAi, and live imaging of gonads were performed as described previously [31] .
Immunofluorescence of Fixed Gonads
Extrusion and fixation of the gonad were performed as described previously [16] . Primary antibodies used were a-tubulin (DM1a, Sigma), g-tubulin [32] , phospho-histone H3S10 (Sigma), HTP-3 (gift of A. Dernburg), RAD-51 (Novus Biologicals), SYP-1 (gift of A. Villeneuve), and phospho-SUN-1S8 (gift of V. Jantsch). Images were recorded on a Deltavision microscope, and z stacks (0.2 mm sections) were deconvolved using softWorRx (Applied Precision), analyzed in ImageJ, and imported into Adobe Photoshop CS4 for further processing.
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